The Probe Of Extreme Multi-Messenger Astrophysics (POEMMA) is a NASA Astrophysics probe-class mission designed to observe ultra-high energy cosmic rays (UHECRs) and cosmic neutrinos from space.
I. POEMMA OVERVIEW
The Probe Of Extreme Multi-Messenger Astrophysics (POEMMA) is a NASA Astrophysics probe-class mission designed to observe ultra-high energy cosmic rays (UHECRs) and cosmic neutrinos from space. POEMMA will monitor colossal volumes of the Earth's atmosphere to detect extensive air showers (EASs) produced by extremely energetic cosmic messengers, cosmic neutrinos above 20 PeV and UHECRs above 20 EeV, over the entire sky. The POEMMA conceptual study report prepared for NASA is here [1] .
POEMMA is comprised of two identical observatories flying in loose formation to detect EASs in mono and stereo modes. Each observatory is composed of a 4-meter photometer designed with Schmidt wide (45 • ) field-of-view (FoV) optics (see Fig. 1 ) and a spacecraft bus. The photometer focal surface has a hybrid design for two complementary capabilities: a fast (1 µs) ultraviolet camera to observe fluorescence signals and an ultrafast (20 ns) optical camera to detect Cherenkov signals. EASs from UHECRs and cosmic neutrinos are observed from an orbit altitude of 525 km and a range of attitudes in the dark sky. POEMMA will point from close to the nadir, to optimize stereo fluorescence observations, to about 47
• from the nadir to monitor the Earth's limb (located at 67.5
• ) for Cherenkov emission from cosmic tau-neutrino induced EASs (below the limb) and UHECRs (∼ 2
• above the limb). POEMMA will provide a significant increase in the statistics of observed UHECRs at the highest energies over the entire sky and will pioneer a target of opportunity (ToO) follow-up program for cosmic neutrinos from extremely energetic transient astrophysical events.
POEMMA is designed to:
• Discover the nature and origin of the highest-energy particles in the universe. Where do UHECRs come from? What are these extreme cosmic accelerators and how do they accelerate to such high energies? What is the UHECR composition at the highest energies? What are the magnetic fields in the galactic and extragalactic media? How do UHECRs interact in the source, in galactic and extragalactic space, and in the atmosphere of the Earth?
• Discover neutrino emission from extreme astrophysical transients above 20 PeV. What is the high-energy neutrino emission of gravitational wave events? Do binaries with black holes, white dwarfs, and neutron stars produce high-energy neutrinos when they coalesce? Neutrino observations will elucidate the underlying dynamics of blazar flares, gravitational wave events, gamma-ray bursts, newborn pulsars, tidal disruption events, and other transient events as seen by neutrinos.
• Probe particle interactions at extreme energies. POEMMA can test models with physics beyond the Standard Model (BSM) through cosmic neutrino observations from tens of PeVs to tens of ZeVs;
• Observe Transient Luminous Events and study the dynamics of the Earth's atmosphere, including extreme storms;
• Observe Meteors, thereby contributing to the understanding of the dynamics of meteors in the Solar System;
• Search for Exotic particles such as nuclearites.
POEMMA will provide new Multi-Messenger Windows onto the most energetic environments and events in the universe, enabling the study of new astrophysics and particle physics at these otherwise inaccessible energies. 
II. POEMMA EXTREME MULTI-MESSENGER SCIENCE
The main scientific goals of POEMMA are to discover the elusive sources of UHECRs, cosmic rays with energies above 10 18 eV (≡ 1 EeV), and to observe cosmic neutrinos from multi-messenger transients. POEMMA exploits the tremendous gains in both UHECR and cosmic neutrino exposures offered by space-based measurements, including full-sky coverage of the celestial sphere. For cosmic rays with energies E 20 EeV, POEMMA will enable charged-particle astronomy by obtaining definitive measurements of the UHECR spectrum, composition, and source location. For multi-messenger transients, POEMMA will follow-up targets of opportunity transients to detect the first cosmic neutrino emission with energies E ν 20 PeV. POEMMA also has sensitivity to neutrinos with energies above 20 EeV through fluorescence observations of neutrino induced EASs. Supplementary science capabilities of POEMMA include probes of physics beyond the Standard Model of particle physics, the measurement of pp cross-section at 238 TeV center-of-mass energy, the study of atmospheric transient luminous events (TLEs), and the search for meteors and nuclearites (see [1, 2] for more details). These groundbreaking measurements are obtained by operating POEMMA's two observatories (described in Fig. 1 and Table I ) in different orientation modes: a quasi-nadir stereo fluorescence configuration for UHECR observations and a tilted, Earth-limb viewing Cherenkov configuration for ToO neutrino searches (see Fig. 2 ). In limb observing mode, POEMMA can simultaneously search for neutrinos and UHECRs with Cherenkov observations, while observing UHECRs with fluorescence, thanks to the POEMMA hybrid camera (or Focal Surface) design.
In stereo mode, the two photometers with several square meters of collecting area view a common, immense volume of ∼ 10 4 gigatons of atmosphere. POEMMA's fluorescence observations yield one order of magnitude increase in yearly UHECR exposure compared to ground observatory arrays and two orders of magnitude compared to ground fluorescence telescopes. In the Cherenkov limb-viewing mode, POEMMA searches for optical Cherenkov signals of upward-moving EASs generated by τ-lepton decays produced by ν τ interactions in the Earth. The terrestrial neutrino target monitored by POEMMA reaches ∼ 10 10 gigatons. In the Cherenkov mode, an even more extensive volume is monitored for UHECR fluorescence observations. Thus, POEMMA uses the Earth and its atmosphere as a gargantuan high-energy physics detector and astrophysics observatory.
IIa. UHECR Science
A detailed study of the powerful UHECR science of POEMMA is described in [2] . The two leading UHECR observatories currently in operation are the Pierre Auger Observatory [5, 6] in the southern hemisphere, with ∼ 6.5×10 4 km 2 sr yr exposure over 13 years [7] , Skymap of nearby starburst galaxies from [3] with POEMMA exposure with 12.9 • smoothing as in [4] . The color scale indicates the probability density of the source sky map, as a function of position on the sky. (Supergalactic Plane in white dashed line.) From [2] .
and the Telescope Array (TA) [8, 9] in the northern hemisphere, with ∼ 10 4 km 2 sr yr exposure in 10 years (TA is currently upgrading by a factor of 4, named TAx4). POEMMA can reach an order of magnitude increase in exposure compared to these ground arrays (from ∼ 10 5 to 10 6 km 2 sr yr exposure in a 5 year mission) and two orders of magnitude when compared with their ground fluorescence capabilities (∼ 10% duty cycle for fluorescence on the ground). POEMMA observes the full sky with the same instrument. Fig. 3 left shows POEMMA's differential exposure as a function of declination compared to Auger and TAx4 extrapolated to 2030 [2] .
The powerful increase in exposure provided by POEMMA will determine the sources of UHECRs through the combined sensitive observations of the sky distribution, the spectrum, and the composition at the highest energies. Fig. 3 right shows an example of a POEMMA sky distribution of events if UHECR sources are located in nearby starburst galaxies. POEMMA will explore the differences in source models for the UHECR predicted spectrum above the current reach in energy, as shown in Fig. 4 left. In addition, POEMMA will measure the UHECR composition at 100s of EeV where models differ in predictions (Fig. 4 right) further illuminating the origin of UHECRs.
The nature of the astrophysical sources of UHECRs and their acceleration mechanism(s) remains a mystery as reviewed here [10] [11] [12] . Proposed sources span a large range of astrophysical objects including extremely fast-spinning young pulsars [13] [14] [15] , active galactic nuclei (AGN) [16] [17] [18] , starburst galaxies (SBGs) [19, 20] , and gamma-ray bursts (GRBs) [21, 22] . POEMMA data can determine which of the proposed model, if any, is the answer to this long-standing mystery.
IIb. Cosmic Neutrino Science
In addition to observing the components of UHECRs, the POEMMA design adds the novel capability of searching for neutrinos above 20 PeV (1 PeV ≡ 10 15 eV) from ToO events. Detailed studies of the POEMMA neutrino observing capabilities can be found FIG. 4 : Left: UHECR flux model predictions from [23] and Auger data [7] . 90% confidence upper limits are downward triangles: Auger 2017 (black), POEMMA 5 year stereo (red) and limb mode (blue). Right: POEMMA capabilities for composition studies through measurements of the atmospheric column depth at which the EAS longitudinal development reaches maximum, X max . The width of the blue band illustrates the expected statistical uncertainties. From [2] .
in [24] [25] [26] . (We use neutrinos to denote both neutrinos and anti-neutrinos, which interact similarly at these energies.)
POEMMA is unique in the ability to follow-up transient events on time scales of order one orbit (95 min) over the entire dark sky and on time scales of months over the full sky. Since no prompt neutrinos have been observed at these energy scales, POEMMA will discover which transient events produce very-high energy neutrinos and at what times after the event.
Very high-energy cosmic neutrinos are emitted in a number of models of astrophysical transient events [27, 28] . Astrophysical sources generally produce electron and muon neutrinos, which after astronomical propagation distances, arrive on Earth with approximately equal numbers of the three flavors: electron, muon, and tau neutrinos. POEMMA detects primarily tau-neutrinos through the tau-decay generated EASs. POEMMA will observe in general one third of the generated neutrino flux via the ν τ flux.
Examples of neutrino rich astrophysical transient events include short and long gamma-ray bursts [29] [30] [31] , gravitational wave events from neutron-star binary coalescence [31, 32] , black hole-black hole coalescence (BH-BH) [33] , the birth of pulsars and magnetars [34] , fast-luminous optical transients [35] , blazar flares [36] [37] [38] , tidal disruption events [39, 40] , and possibly many other high-energy transients. Neutrinos, not gamma rays, may be the primary emission signal in some environments (e.g., cosmic ray acceleration in white dwarf-white dwarf (WD-WD) mergers [41] ). POEMMA can follow up these events and reach a neutrino fluence around E 2 ν J ν ≥ 0.1 GeV/cm −2 depending on the location of the sources (see Fig. 5 and [26] ).
III. POEMMA INSTRUMENT AND MISSION
The POEMMA concept (Fig. 1) evolved from previous work on the OWL [42] and the JEM-EUSO [43] designs, the CHANT concept [44] , and the sub-orbital payloads EUSO- POEMMA is composed of two identical space-based platforms that detect extreme energy particles by recording the signals generated by EASs in the dark side of the Earth's atmosphere. The central element of each POEMMA observatory is a high sensitivity low resolution photometer that measures and locates two types of emission from these EASs: the faint isotropic emission due to the fluorescence of atmospheric nitrogen excited by air shower particles, and the bright collimated Cherenkov emission from EASs directed at the POEMMA observatory.
POEMMA photometers are designed for deployment after launch. A stowed configuration (see Fig. 6 ) enables two identical satellites to be launched together on a single Atlas V rocket (see Fig. 1 ). Space qualified mechanisms extend each instrument after launch to their deployed position to begin observations. The instrument architecture incorporates a large number of identical parallel sensor chains that meet the high standards of a Class B mission. Aerospace grade components have been identified for key elements within these sensor chains to insure reliability for the mission. Optics: The POEMMA photometer is based on a Schmidt photometer with a large spherical primary mirror (4 m diameter), the aperture and a thin refractive aspheric aberration corrector lens (3.3 m diameter) at its center of curvature, and a convex spherical focal surface (1.61 m diameter). This particular system provides a large collection aperture (6.39 m 2 ) and a massive field-of-view (45 • full FoV). The diameter of the POEMMA primary mirror is set to fit the launch vehicle (Atlas V). The PSF of the POEMMA optics is much less than a pixel size. POEMMA's imaging requirement is 10 4 away from the diffraction limit, implying optical tolerances closer to a microwave dish than an astronomical telescope. Focal Surface: The focal surface (FS) of the POEMMA photometer consists of the PO-EMMA Fluorescence Camera (PFC), optimized for the fluorescence signals, and the PO-EMMA Cherenkov Camera (PCC), optimized for for Cherenkov signals (see Fig. 6 ). The PFC records the EAS videos in 1µs frames in the 300 λ/nm 500 wavelength band using multi-anode photomultiplier tubes (MAPMTs). Each MAPMT has 64 (3x3 mm 2 ) pixels in an 8 x 8 array. The PFC is composed of 1,980 MAPMTs containing a total of 126,720 pixels. The stereo videos of the EAS determines the energy, direction, and composition of the UHECR. The PCC uses silicon photomultipliers (SiPMs) and is optimized to observe in the 300 λ/nm 900 wavelength band for Cherenkov emission of showers developing towards the observatory. The PCC covers 9
• of the FoV from the edge (see Fig. 6 ). PCC sensors are solid-state SiPMs assembled in arrays of 8 x 8 pixels with a total area of 31 x 31 mm 2 . The PCC records EASs produced by UHECRs above the limb of the Earth and showers from τ-lepton decays below the Earth's limb induced by ν τ interactions in the Earth. Data System: The electronics and real-time software for the PFC and the PCC function independently so each can be optimized for their specific task. A single Data Processor (DP) will read out the data from both systems, store it locally and then transmit it to the spacecraft bus for transmission to the ground. Mechanical Structure: Structural analysis of the conceptual design shows a first fundamental frequency after deployment at 7.9 Hz, 60% above the IDL goal of 5 Hz. An analysis of the stowed configuration during launch could not be completed due to the lack of design details of the launch vehicle. The deployment of the focal surface and corrector plate rely on one-time operations of actuators that drive the folded struts to reach full extension and then lock them into place for the duration of the mission. No further adjustment of the optical system is required due to the sizable tolerances afforded by the coarse EAS imaging requirements. Spacecraft bus: The spacecraft bus is a hexagonal cylinder 1.55 m tall with an outside diameter of 3.37 m weighing 1,073 kg (including a 25% contingency). Located behind the POEMMA mirror, it provides basic services to the observatory including on-orbit deployment, power, communications, attitude control, propulsion and avionics. The avionics includes the command and data handling system (including the flight computer), the spacecraft clock that provides the precise timing we need for synchronization between the satellites, the gimbal drive electronics to steer the solar panels, and the control functions for all the deployment mechanisms to unfold the instrument once it reaches orbit. Mission Concept: After calibration, the instruments will be pointed close to the nadir in order to make stereo observations of the fluorescent light from cosmic ray extensive air showers (EASs) at the lowest energies. Once sufficient statistics have been acquired at the lowest energies, the satellites separation will be reduced to ∼ 30 km and the instruments will be pointed for limb observations via Cherenkov. Throughout the mission instruments will be re-oriented towards neutrino ToO directions following a transient event alert. During a ToO follow-up mode, measurements of fluorescence from EASs will continue utilizing the larger volumes of the atmosphere observed from the satellites to the limb. Launch Operations: The POEMMA satellites were designed for a dual-manifest on an Atlas V using the long payload fairing. The satellites will be launched into circular orbits at an inclination of 28.5 degrees and an altitude of 525 km, where they will remain until deorbited at the end of the mission. The satellites are launched in a stowed configuration. Once on orbit, the corrector plate and focal surface will be deployed into their final position. A solar array will be deployed from each spacecraft bus. On-Orbit Operations: The satellites will orbit the Earth with a period of 95 minutes, or ∼15 times per day. During observations the attitude of the satellites must be maintained within 0.1
• with knowledge of the attitude to within 0.01
• . Events will be time-tagged with a relative accuracy within 25 ns between the satellites. The satellites have star trackers and sun sensors for accurate attitude knowledge.
IV. TECHNOLOGY DRIVERS AND PARTNERSHIPS
The POEMMA concept relies on simple and proven technology. No new technologies are required to be developed for the mission. Technology maturations expected for the early part of the 2020s bring all components to high TRL. POEMMA team members are working on the maturation of a few components through laboratory, sub-orbital (EUSO-SPB1 and EUSO-SPB2), and spaceflight (mini-EUSO to be deployed in the ISS in 2019/20) testing. In particular, EUSO-SPB2 is being built with the same focal surface components of POEMMA and plans to fly on a NASA super-pressure balloon in 2022. Focal surface: The IDL concluded that the PFC could be built today with existing technology. The PCC SiPM-based section would benefit from space qualification of SiPM arrays and silicon photo-diodes, packaging studies for arrays and diodes to conform to the focal surface, and space qualification of the SiPM ASIC. Mechanical: The shutter doors must operate during the entire mission and are the highest mission risk. This risk can be reduced through iterative design and testing cycles. Alternative options to the door system such as active pointing away from bright sources should be studied in the preliminary design phase. 
V. COST AND SCHEDULE
We estimate POEMMA's total life cycle cost between $0.94 and $1.05 billion in FY18 dollars, including reserves and the launch vehicle according to the ground rules of the NASA probe study. The table in Fig. 7 shows the high level overview of three bounding cost estimates. The POEMMA Study Team (ST) estimate is based on the GSFC IDC parametric cost model of the first iteration of the instrument concept. The initial concept was costed to be well over the $1B Probe-class limit and was de-scoped to the concept presented here. In addition, two more parametric cost models were constructed by the Engineering Cost Office (ECO) at MSFC. Assumptions common to these estimates were for a Class B mission, 4-6 year development schedule, launch in the 2027-2029 time frame and $150M for launch services. Reserves were set by NASA Headquarters (HQ) to be $170M. (MSFC ECO typically sets reserves to 25% at minimum.) The MSFC ECO cost models were constructed (in January-February 2018) at the subsystem level utilizing the Master Equipment List (MEL) from the IDL for the payload/instrument adjusted by the ST as required by the concept de-scope, and the MEL from the MDL for the spacecraft. The three total cost estimates have not explored sensitivities to mass and schedule.
The ECO team compared their final value to total mass versus overall cost data for past missions as shown in Fig. 7 right. The cost for a single POEMMA spacecraft (green) falls on trend line model for all missions (dashed black). The low resolution requirements for the POEMMA optics is comparable to non-imaging missions (red dots and red-dashed line). Given the front-loaded costs for a Class B mission, the second POEMMA satellite costs significantly less than the first. The GSFC IDC and MSFC ECO results confirm that the spacecraft exact copy costs 25% of the first POEMMA satellite for Class A/B missions (blue triangle). This is a factor of two less than is customary for Class C/D missions since payload management, systems engineering, and safety/mission assurance costs are much higher for Class A/B missions and are not recurring for exact spacecraft copies. The complete POEMMA mission (magenta triangle) falls just below the non-imaging mission cost-vs-mass trend line model (red dashed).
The timeline for the mission was developed at the MDL as shown in Fig. 8 . The launch date was selected by NASA Headquarters for 2029 which led to a phase A start at 2023. The MDL accessed the schedule to be aggressive but feasible, given the modularity and duplicate systems of both instruments and spacecraft.
VI. SUMMARY
POEMMA is a unique probe-class mission designed to answer fundamental open questions in the multi-messenger domain starting the next decade. Community driven white-papers on the UHECR science [48] and astrophysical neutrino science [49, 50] describe the scientific challenges that POEMMA will address. Other relevant science white papers submitted to Astro2020 include (NAS response ID): 107, 147, 206, 239, 253, 263, 265, 272, 275, 277, 377, 439. The multi-messenger domain began over the last decade and it will flourish during the 2020s and 2030s with the capability provided by POEMMA.
[1] NASA 020 Decadal Survey Planning site: https://science.nasa.gov/astrophysics/2020-decadalsurvey-planning includes the POEMMA design report funded by NASA Grant Number:
